Carotenoids are essential pigments found mainly in plants and microbes[@b1]. They consist of eight isoprenoid units joined end to end to form a C~40~ hydrocarbon skeleton that includes a chromophore and linear or cyclic end groups. Plant carotenoids accumulate in plastids and play fundamental roles in photosynthesis as accessory pigments and in the xanthophyll cycle by preventing photo-oxidative damage[@b2]. They also facilitate plant interactions with the biotic environment by conferring characteristic colors to fruits and flowers, making them attractive to insects and thus favoring pollination and seed dispersal[@b1]. The degradation of certain carotenoids also provides precursors for the synthesis of abscisic acid (ABA)[@b3][@b4]. From a nutritional perspective, carotenoids such as β-carotene possess pro-vitamin A activity and are therefore essential for animals (including humans) that cannot synthesize retinoids *de novo*. Furthermore, carotenoids such as lycopene provide general health-promoting antioxidant activity whereas lutein and zeaxanthin specifically help to protect the retinal cells of the macula against phototoxic damage, thus preventing age-related macular degeneration (ARMD)[@b5].

Several transgenic crops with high carotenoid levels have been generated by overexpressing carotenogenic genes, including Golden Rice II[@b6] and high-carotenoid Carolight® corn[@b7], both of which overexpress corn *psy1* and *Pantoea ananatis crt*I. Golden Rice II produces 37 μg g^−1^ dry weight (DW) of total carotenoids (26-fold more than the near isogenic wild-type variety) and Carolight® corn produces 84 μg g^−1^ DW of total carotenoids (156-fold more than the near isogenic wild-type variety)[@b6][@b7]. Such biofortified crops provide an excellent and sustainable means to combat vitamin A deficiency, which is prevalent in many developing countries[@b8]. Transgenic crops have increased the productivity and sustainability of agriculture, not only in industrialized countries but also in developing countries that have adopted them successfully[@b8][@b9][@b10]. As part of the development process, novel plant varieties including genetically engineered crops are tested under field conditions to determine whether their performance meets the standards set by commercial developers. The performance of novel crops (genetically engineered or otherwise) under laboratory and/or greenhouse conditions may differ considerably in the field, particularly metabolic or development traits, because the resources needed to produce novel heterologous molecules may compete with other processes, resulting in a trade-off between improved nutritional value and yield or agronomic performance. Both conventional breeding and genetic engineering may therefore affect physiological traits such as yield or biomass production in a positive[@b11], negative[@b12][@b13] or neutral manner[@b14]. A recent comprehensive transcriptomic, proteomic and metabolomic analysis revealed that the endosperm-specific carotenoid biosynthesis in Carolight® correlated with changes in endosperm carbohydrate metabolism, as well as sterol and fatty acid biosynthesis[@b15]. It is therefore important to test the performance of Carolight® under a range of conditions to ensure that the remodeled metabolic network does not cause a trade off with other beneficial traits, such as yield components. It is rare for even first-generation traits to be comprehensively tested against their near-isogenic wild-type counterparts under diverse conditions and unprecedented for complex second-generation traits involving metabolic engineering.

We therefore tested the hypothesis that Carolight® is similar in terms of agronomic performance to its non-transgenic near isogenic counterpart when compared in a controlled environment and under field conditions. The key objectives of our studies were (i) to determine whether the accumulation of carotenoids in Carolight® affects the rates of photosynthesis, biomass accumulation and partitioning into different organs in experimental field trials (study 1); and (ii) to compare the effectiveness of the introduced trait in a controlled greenhouse environment and the field (study 2). In order to broaden the range of environments and to test the consistency of adaptation and performance between Carolight® and its near isogenic counterpart, we compared both genotypes in field plots under different soil nitrogen (N) availability regimes and contrasting source-sink relationships during grain filing. N availability is known to influence photosynthesis and biomass accumulation[@b16] and modifying the source-sink relationship may alter the grain weight and N concentration in the grain to differing degrees in different crops[@b17][@b18]. Such comprehensive testing is rare but necessary to assure the long term success of crops with novel traits when they are commercially released in different environments.

Materials and Methods
=====================

Treatments
----------

We used two corn (*Zea mays*) near-isogenic genotypes: the wild-type white endosperm variety M37W and the high-carotenoid transgenic line Carolight®, expressing corn *psy1* and *Pantoea annatis crt*I in a M37W genetic background. M37W seeds were obtained from CSIR (Pretoria, South Africa). Seeds were planted in the experimental fields of the School of Agronomy, University of Lleida, Spain (41°37′50″N, 0°35′27″E, 180 m) (study 1) or in pots maintained in the greenhouse (study 2).

Two different fertilization regimes were applied: N~0~ = 0 kg ha^−1^ and N~200~ = 200 kg ha^−1^. The N was applied as urea at the V~6~ stage (six fully-expanded leaves). Source--sink relationships were manipulated at silking (the R~1~ stage) by removing most of the leaves, and tests were carried out using plants that were distributed uniformly at the same density and visually identical in terms of size, leaf number and developmental stage. Most of the leaf laminae were removed by cutting the leaves on the collar, between the lamina and sheath. Only the two leaves adjacent to the ear were left on the plant (those immediately below and above). The effects of all treatments and their interactions were tested for statistical significance by the analysis of variance (ANOVA).

Experimental design
-------------------

In study 1, seeds were sown in the field on 5 May 2013 and treatments consisted of a factorial combination of the two maize genotypes and two N treatments (N~0~ and N~200~) with subplots consisting of source--sink treatments. Plots were randomized with four replicates, each consisting of six rows, 70 cm apart and 6.47 m in length. Each plot was fully irrigated. Pests, diseases and weeds were controlled or avoided by spraying recommended insecticides, fungicides and herbicides at the doses suggested by their manufacturers whenever necessary.

In study 2, seeds were sown in 20-L pots in the greenhouse on 5 May 2013. For the first 50 days, the day/night temperature was 28/20 °C with a 10-h photoperiod and 60--90% relative humidity, and thereafter the day/night temperature was 21/18 °C with a 16-h photoperiod. Seeds were harvested at 15, 20, 25, 30, 40, and 60 days after sowing (DAS), and the dissected endosperm was frozen in liquid nitrogen and stored at −80 °C.

Sampling and analysis of field plants
-------------------------------------

Three developmental stages were chosen for biomass sampling: V~8~ (eight fully-expanded leaves), R~1~ (silking) and R~6~ (maturity)[@b19]. Plants were cut at ground level, and the stems (including leaf sheaths), leaf laminae, ears and grains (at maturity) were separated in the laboratory. The ears were divided into basal, central and apical sections, and grains in each section were separated from the cob and counted. The area of green leaf tissue in all samples was determined at stages V~8~ and R~1~ using a Li-3100C area meter (Li-COR Biosciences, Lincoln, NE, USA). All plant materials were oven dried for 72 h at 65 °C after processing and weighed to determine the dry biomass of each fraction.

After weighing, all plant materials were ground in analytical mills, and the N concentration was determined using the Kjeldahl method. The specific leaf area (SLA) was calculated by dividing the leaf area per plant by leaf mass, and the specific leaf nitrogen (SLN) content was calculated as the ratio of leaf nitrogen content to leaf area. The leaf area index (LAI) was calculated as the total green area of leaf tissue per unit ground area. N utilization efficiency (NUtE) was calculated as the ratio between yield and N uptake at physiological maturity. The N harvest index (NHI) was calculated as the ratio between N content in the grains and aboveground biomass at maturity.

Photosynthetic rates and related traits were determined for individual leaves every 2 weeks from V~8~ until grain filling was complete, using a LCi portable photosynthesis system (ADC BioScientific, Great Amwell, UK) which measures net CO~2~ assimilation (net photosynthetic rate). Measurements were taken using the last fully-expanded leaf between mid-morning and noon on cloudless days by holding the photosynthetic chamber perpendicular to the direction of incident solar radiation. The leaf chlorophyll concentration from V~8~ to R~6~ was estimated *in situ* using a SPAD-520 portable chlorophyll meter (Minolta, Tokyo, Japan) on the same leaves used to measure gas exchange. The duration of photosynthesis was calculated by integrating values across the growth cycle and measuring the area underneath the curve[@b20].

Total RNA isolation and cDNA synthesis
--------------------------------------

Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) and DNA was removed with DNase I (RNase-free DNase Set, Qiagen). Total RNA was quantified using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Vernon Hills, IL, USA), and 2 μg total RNA was used as the template for first strand cDNA synthesis with Ominiscript reverse transcriptase (Qiagen) in a 20-μl total reaction volume, following the manufacturer's recommendations.

Quantitative real-time RT-PCR
-----------------------------

Quantitative real-time RT-PCR was used to analyze *Zmbch1*, *Zmbch2*, *Zmcrtiso, Zmcyp97a*, *Zmcyp97b*, *Zmcyp97c*, *Zmlycb*, *Zmlyce*, *Zmpds*, *Zmzds*, *Pacrt*I and *Zmpsy1* gene expression in a BioRad CFX96 system with 25-μl reaction mixtures containing 10 ng cDNA, 1x iQ SYBR Green Supermix (BioRad, Hercules, CA, USA) and 0.2 μM forward and reverse primers[@b21][@b22]. Relative expression levels were calculated on the basis of serial dilutions of cDNA (125--0.2 ng) which were used to generate standard curves for each gene. PCR was carried out in triplicate using 96-well optical reaction plates. The reaction conditions comprised an initial heating step at 95 °C for 5 min followed by 44 cycles of 95 °C for 10 s, 58 °C for 35 s and 72 °C for 15 s. Specificity was confirmed by product melt curve analysis over the temperature range 50--90 °C with fluorescence acquired after every 0.5 °C increase, and the fluorescence threshold values and gene expression data were calculated using BioRad CFX96™ software. Values represent the mean of 10 replicates ± SD. Amplification efficiencies were compared by plotting ΔCt values of different primer combinations in serial dilutions against the log of starting template concentrations using CFX96 software.

Carotenoid extraction from maize endosperm
------------------------------------------

Maize endosperm was excised by removing the seed coat and embryo. Samples were freeze-dried before extraction and were ground to a fine powder. Carotenoids in 50--100 mg samples were extracted in 15 ml methanol:ethyl acetate (6:4 v/v) at 58 °C for 20 min. The mixture was filtered and transferred to a separation funnel before we added 15 ml hexane:diethyl ether (9:1 v/v) and agitated gently for 1 min. We then added 15 ml saturated NaCl, the aqueous phase was removed, and the organic phase was washed twice with water. The samples were dried under N~2~ at 37 °C, flushed with argon and stored at −80 °C.

UHPLC-MS
--------

The extracts were dissolved in 210--600 μl injection solvent, which was three parts acetonitrile/methanol (7:3 v/v) to two parts acetone. Ultra-high-performance liquid chromatography (UHPLC) analysis was carried out at SCT-DATCEM, University of Lleida, using an Acquity Ultra Performance LC system linked to a photodiode array (PDA) 2996 detector (Waters Corp., Milford, MA, USA). Mass detection was achieved using an Acquity TQD tandem quadrupole mass spectrometer equipped with a Z-spray electrospray interface (Waters). MassLynx software v4.1 (Waters) was used to control the instruments and also for data acquisition and processing. UHPLC separations were carried out on an Acquity UPLC C18 BEH 130 Å, 1.7 μm, 2.1 × 150 mm reversed-phase column (Waters). The mobile phase consisted of solvent A = acetonitrile/methanol (7:3 v/v) and solvent B = 100% water. Carotenoids were quantified using a PDA detector and identified as previously described[@b23] based on the order of elution from the column, ultraviolet and visible spectra, the spectral fine structure[@b24], and mass fragments reported in the literature[@b25] and determined by comparing the following authentic standards: β-carotene, lutein, β-cryptoxanthin and astaxanthin (Sigma-Aldrich, St Louis, MO, USA), zeaxanthin (Fluka, Buchs SG, Switzerland), phytoene and antheraxanthin (Carotenature, Lupsingen, Switzerland). Mass spectrometry (MS) analysis was carried out by atmospheric pressure chemical ionization (APCI) as previously described[@b25].

Results
=======

Leaf traits and their relationship with the photosynthetic rate
---------------------------------------------------------------

The chlorophyll content of leaves (i) declined during plant growth from 43.8 ± 2.7 SPAD units at 70 DAS to 26.1 ± 2.0 SPAD units at 141 DAS and (ii) was slightly higher under the N~200~ treatment than the N~0~ treatment ([Fig. 1](#f1){ref-type="fig"}). No consistent differences in chlorophyll level ranges were observed between the wild-type and transgenic corn lines ([Fig. 1](#f1){ref-type="fig"}).

A similar decrease during growth was observed for the photosynthetic rate, with the mean value of both genotypes and treatments starting from 27.0 ± 0.9 mmol CO~2~ m^−2^ s^−1^ at V~8~ and slowly declining to 13.7 ± 0.4 mmol CO~2~ m^−2^ s^−1^ at maturity, but soil N availability did not affect the leaf photosynthetic rate. Both genotypes exhibited similar photosynthetic rates across treatments and throughout development. Consequently, the photosynthetic rate averaged across time and N levels was almost identical for both genotypes ([Fig. 2a](#f2){ref-type="fig"}), and the duration of photosynthesis (an integral of photosynthesis over time) did not significantly differ between the genotypes under either of the N treatments ([Fig. 2b](#f2){ref-type="fig"}).

LAI values were significantly higher in Carolight® corn than wild-type M37W at stage V~8~ under the N~0~ treatment (1.5 ± 0.1 for M37W *vs* 2.4 ± 0.3 for Carolight®) but there were no genotype-specific differences at either developmental stage under the N~200~ treatment ([Table 1](#t1){ref-type="table"}). The SLN was similar in both genotypes at V~8~ but was significantly higher under the N~200~ treatment. The means for the two genotypes were 2.3 ± 0.1 g m^−2^ and 3.9 ± 0.3 g m^−2^ under the N~0~ and N~200~ treatments, respectively. At silking, there were no statistically significant differences between the genotypes or treatments. The SLA was similar regardless of the genotype or treatment ([Table 1](#t1){ref-type="table"}).

Biomass accumulation, grain yield and their components
------------------------------------------------------

Biomass increased from V~8~ to R~1~ and from R~1~ to R~6~, but surprisingly the responses to N fertilization were negligible ([Fig. 3](#f3){ref-type="fig"}). There were no statistically significant differences in total biomass accumulation between the two genotypes ([Fig. 3](#f3){ref-type="fig"}), and similar values were observed when analyzing the biomass partition between stems, leaves and cobs in both genotypes under the N~0~ and N~200~ treatments.

Grain yield was similar in both genotypes under both N treatments ([Fig. 4a](#f4){ref-type="fig"}), even though Carolight® yield tended to be higher than the wild type under N fertilization. The grain yield was more closely related to grain number (R^2^ = 0.85, P \< 0.05) than to average grain weight (R^2^ = 0.34, NS). There was no significant difference in grain number between genotypes, but there was a tendency towards a higher grain number in Carolight® than wild-type corn: 1895 ± 247 vs 1656 ± 126 grains m^−2^ under the N~0~ treatment and 1807 ± 378 vs 1554 ± 72 grains m^−2^ under the N~200~ treatment ([Fig. 4b](#f4){ref-type="fig"}). There was no significant difference between the genotypes in terms of average grain weight, and no consistent trends either ([Fig. 4c](#f4){ref-type="fig"}).

Nitrogen content and economy
----------------------------

Nitrogen uptake was similar for the Carolight® and M37W plants under both N treatments ([Table 2](#t2){ref-type="table"}). NHI and NUtE, which were reduced by fertilization, were similar for both genotypes, and the similar levels of N partitioning and utilization efficiency were consistent regardless of the N treatment ([Table 2](#t2){ref-type="table"}).

Source/sink relationship
------------------------

At maturity, the average grain weight was consistently higher in the fully-leaved plants compared to plants that had been defoliated, with the exception of two leaves adjacent to the ear ([Fig. 5](#f5){ref-type="fig"}). The average response to defoliation was similar in both genotypes: the grain weight was reduced by 31 ± 4% in M37W and by 28 ± 5% in Carolight® ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Interestingly, in both genotypes, the grains from the apical part of the cob (the smallest grains) were the most affected: the weight of apical grains was reduced by 41 ± 9% due to defoliation whereas the weight of the central and basal grains was reduced by only 26 ± 8% ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

In fully-leaved plants, the percentage of N in the grains was similar in both genotypes and consistently lower (1.87 ± 0.01%) than in the defoliated plants (2.05 ± 0.01%). This may have occurred because defoliation also reduced the grain number by \~25% in both genotypes.

Expression of *Zmpsy1* and *Pacrt*I transgenes in greenhouse and field-grown plants
-----------------------------------------------------------------------------------

*Zmpsy1* and *Pacrt*I expression levels in the endosperm of plants grown in the field or in the greenhouse were measured by quantitative real-time RT-PCR at four time points, corresponding to four different endosperm developmental stages during grain filling: 15, 20, 25 and 30 days after pollination (DAP). Both transgenes were expressed in both environments, and in both cases *Pacrt*I mRNA accumulated at three-fold lower levels than *Zmpsy1* mRNA at all time points. The expression profile of *Pacrt*I was similar under field and greenhouse conditions ([Fig. 5k](#f5){ref-type="fig"}). There was a two-fold increase in *Zmpsy1* mRNA levels in young endosperm (15 DAP) for plants growing in the greenhouse compared to plants in the field, but the expression levels in the two environments converged during seed development ([Fig. 5l](#f5){ref-type="fig"}).

Endogenous carotenogenic gene expression in the transgenic plants
-----------------------------------------------------------------

We measured the accumulation of transcripts representing 10 endogenous carotenogenic genes in the developing endosperm of transgenic plants in both environments: β-carotene hydroxylase 1 (*Zmbch1*), β-carotene hydroxylase 2 (*Zmbch2*), carotene isomerase (*Zmcrtiso*), carotene ε-hydroxylase (*Zmcyp97a*, *Zmcyp97b*, and *Zmcyp97c*), lycopene β-cyclase (*Zmlycb*), lycopene ε-cyclase (*Zmlyce*), phytoene desaturase (*Zmpds*) and ζ-carotene desaturase (*Zmzds*). No significant differences in the expression levels of these endogenous carotenogenic genes were observed between the two environments, and the abundance of each transcript did not change substantially over time ([Fig. 5a--j](#f5){ref-type="fig"}). *Zmbch2* mRNA was more than 1000-fold more abundant than *Zmbch1* mRNA, as previously reported[@b3]. *Zmcyp97A* and *Zmcyp97B* mRNA accumulated to high levels in both environments and were more than 100-fold more abundant than *Zmcyp97C* mRNA. *Zmlycb* mRNA was more abundant than *Zmlyce* mRNA.

Carotenoid accumulation during endosperm development
----------------------------------------------------

We measured the carotenoid content and composition in the endosperm of the plants in both environments at three developmental stages (25, 40 and 60 DAP). The prevalent carotenoids were phytoene, zeaxanthin, lutein, β-carotene, α-cryptoxanthin, β-cryptoxanthin and antheraxanthin. The maximum total carotenoid accumulation occurred at \~40 DAP in both environments, and was 113 ± 7.5 μg/g DW for plants in the greenhouse compared to 99 ± 2.7 μg/g DW for plants in the field. However, no significant differences in the total carotenoid content were observed in the mature kernels at 60 DAP. The total carotenoid content was 96.8 ± 3.7 μg g^−1^ DW for plants in the greenhouse compared to 88.7 ± 6.5 μg g^−1^ DW for plants grown in the field ([Fig. 6d](#f6){ref-type="fig"}). M37W plants under the same conditions accumulated only minimal amounts of lutein, zeaxanthin and antheraxanthin in both environments, consistent with earlier reports[@b21].

The levels of each carotenoid varied during endosperm development, with significant differences in their relative proportions when comparing plants in the greenhouse and in the field. However, these differences became less pronounced during further development and plants in both environments contained similar levels of each carotenoid at maturity ([Fig. 6a](#f6){ref-type="fig"} and [6b](#f6){ref-type="fig"}). This was confirmed by measuring the distribution of carotenoids representing the β and ε branches of the carotenoid pathway ([Fig. 6c](#f6){ref-type="fig"}). Young endosperm tissue (25 DAP) accumulated a higher proportion of β branch carotenoids in the field (70% of total carotenoids) than the greenhouse (53% of total carotenoids) ([Fig. 6a](#f6){ref-type="fig"} and [6b](#f6){ref-type="fig"}) perhaps reflecting the higher rate of conversion of β-carotene into downstream products such as zeaxanthin (37% for field plants *vs* 25% for greenhouse plants), antheraxanthin (11% *vs* 5%) and β-cryptoxanthin (8% *vs* 5%). Indeed, higher proportions of these carotenoids were detected in field-grown plants compared to their counterparts in the greenhouse, with corresponding lower amounts of β-carotene ([Fig. 6a](#f6){ref-type="fig"} and [6b](#f6){ref-type="fig"}). We measured a gradual decline in the accumulation of β-branch carotenoids in the endosperm of field-grown plants over time, compensated by a concomitant increase in the levels of early carotenoids up to lycopene. This resulted in a similar carotenoid profile in mature endosperm (60 DAP) in both environments. The proportion of β-branch carotenoids was higher than the proportion of ε-branch carotenoids at all time points. The proportion of total carotenoids in the ɛ-branch (α-cryptoxanthin and lutein) remained constant during seed development ([Fig. 6c](#f6){ref-type="fig"}).

Phytoene was the most abundant carotenoid in the endosperm of plants grown in both environments. The levels of phytoene increased during endosperm maturation under both conditions, representing \~50% of total carotenoids at maturity ([Fig. 6a](#f6){ref-type="fig"} and [6b](#f6){ref-type="fig"}). Plants in the greenhouse accumulated more β-carotene (\~14.6 ± 1.85 μg g^−1^ DW, equivalent to 10% of total carotenoids) than field-grown plants (\~9.60 ± 1.21 μg g^−1^ DW, equivalent to 7% of total carotenoids) ([Fig. 6a](#f6){ref-type="fig"} and [6b](#f6){ref-type="fig"}).

Discussion
==========

Grain yield, biomass accumulation and partitioning
--------------------------------------------------

Novel crops with enhanced traits should be tested against their near-isogenic wild-type counterparts under a variety of environmental conditions to ensure that performance is maintained in the environments that are likely to be most relevant for commercial deployment. However, it is rare for such comprehensive analysis to be performed even for the simplest first-generation input traits such as herbicide tolerance and pest resistance, and unprecedented for second-generation output traits such as enhanced metabolic pathways. This is particularly the case for products with humanitarian applications developed outside the private sector. We therefore addressed the hypothesis that a nutritionally enhanced crop such as Carolight® should be similar in terms of biomass and yield to its near isogenic line M37W, and that carotenoid production should be stable under a variety of conditions and environments.

During early growth (V~8~) without fertilizer treatment (N~0~), the LAI of Carolight® plants was significantly higher than that of M37W plants, but by silking (R~1~) no significant differences were detected between the genotypes. The early differences in LAI between genotypes were probably not substantial enough to cause statistically significant differences in radiation interception, the rate of photosynthesis or the duration of photosynthesis ([Fig. 2](#f2){ref-type="fig"}). Furthermore, there were no differences between the two genotypes in terms of plant biomass at the three developmental stages we investigated ([Fig. 3](#f3){ref-type="fig"}). These results indicate that the plant biomass, as well as height and other morphological characteristics were similar in each genotype. Very few experiments have been reported comparing transgenic maize lines and their non-transgenic counterparts in terms of biomass and partitioning under field conditions[@b11][@b26]. A higher grain yield was observed for Bt hybrids compared to near-isogenic lines in the absence of lepidopteran pests, which was attributed to greater dry matter production in the leaves and grains of the Bt hybrids while the harvest index and leaf chlorophyll content did not differ significantly between the genotypes[@b11]. More recent comparisons between other Bt maize hybrids and their near-isogenic counterparts revealed similar grain numbers per plant and overall grain yields[@b26].

When N fertilizer was provided in our experiments (N~200~) most of the measured traits remained at similar levels compared to the N~0~ treatment ([Table 2](#t2){ref-type="table"}, [Figs 1](#f1){ref-type="fig"}, [2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}) or became higher, e.g. the grain yield ([Table 1](#t1){ref-type="table"}, [Fig. 4](#f4){ref-type="fig"}). The response to N availability may vary under different agronomic environments depending on the genotype and environmental conditions[@b27]. Our experiments were designed to determine whether the transgenic and non-transgenic plants responded differently to changes in the N supply. The response to N was generally similar in both genotypes, indicating that the introduced transgenes do not influence the manner in which M37W corn plants respond to N availability. This is in agreement with earlier comparisons of Bt hybrids and near-isogenic counterparts, in which the N levels at V~7~, R~1~ and R~6~ were similar in both genotypes[@b11]. Our data therefore suggest that Carolight® plants will perform well under field conditions and that the enhanced metabolic phenotype does not attract a yield penalty.

Changing the source-sink relationship by defoliation at silking reduced the grain weight by \~30% in both genotypes, and there was no significant difference between them ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The response was strongest in the grains in the apical third of the ear which are always smaller than those of the basal and central thirds because growth starts 4--5 days later than the basal grains and there is a greater likelihood of abortion[@b28]. For this reason, the apical grain weight reduction we observed in both the Carolight® and M37W plants was probably due to the severity of source limitation for apical grain growth. Importantly, the additional metabolic requirements of Carolight® endosperm did not increase the sensitivity to source limitation compared to the wild-type variety, suggesting that sensitivity to abiotic stress (impairing the balance of resources between grain growth and assimilate availability) is not increased by the introgression of carotenogenic transgenes. The reduction in grain size and number in response to defoliation at silking (before grain set) agrees with earlier reports of significant decreases in grain yield caused by defoliation at this developmental stage[@b17]. Grain number is mainly determined during the critical 30-day period bracketing silking[@b29], which is characterized by the growth of the juvenile ear, containing the female florets[@b30]. The abortion process then affects a proportion of the pollinated florets. Grain weight potential is largely determined during the same period[@b31] but final grain weight is realised during the effective period of grain filling[@b17]. The relative N content in the grains was similar in both genotypes, and increased significantly (\~10%) in both varieties following defoliation. N provision to growing grains can be restricted at source by limiting either its availability from post-anthesis assimilation or its translocation from leaves[@b32]. Grain growth in cereals therefore tends to be sink-limited whereas N accumulation in grains is usually source-limited[@b33]. Defoliation is therefore expected to result in a lower proportional incorporation of N^17^. However, defoliation also reduced the grain number in our study, and this may explain the higher rate of N incorporation we observed in both genotypes.

Comparison of the introduced trait under controlled and field environments
--------------------------------------------------------------------------

As well as comparing the performance of novel crops under diverse field conditions, it is also important to identify differences between plants grown in the greenhouse and field given that transgenic varieties must be grown in greenhouses during the first stages of product development and field testing is only possible with the appropriate permits from national competent authorities[@b34]. The total carotenoid content was similar in greenhouse and field plants, reaching a peak of *\~*106 ± 7 μg g^−1^ DW at 40 DAP, which is significantly higher than the maximum of 86 ± 0.65 μg g^−1^ DW previously reported for a T1 Carolight® line[@b21]. The capacity for carotenoid accumulation in Carolight® corn therefore appears to increase by nearly 20% between generations T1 and T12. Similarly, a 7--20-fold increase in the accumulation of a recombinant protein expressed in transgenic corn endosperm was reported between generations T1 and T6[@b35]. Our results therefore confirm that the expression levels of one or more introduced transgenes may be increased through a selection and breeding program. This conclusion is important because it provides an early "selectable trait" to aim for in commercial breeding programs.

We observed a 25% higher total carotenoid content in the young endosperm of greenhouse plants compared to field plants, but this gap had closed by maturity (60 DAP) with plants in both environments accumulating \~95 μg g^−1^ DW total carotenoids in the endosperm. Studies on the effects of cultivation practices and conditions (such as field vs greenhouse) are limited in cereals, and have been reported mainly in other crops such as tomato[@b36][@b37] and pepper[@b38][@b39][@b40]. A greenhouse study in tomato found that β-carotene, lycopene and lutein levels were negatively affected by light intensity[@b36]. Brandt *et al*.[@b37] detected higher lycopene levels in tomato fruits grown in a greenhouse compared to those grown in the field. Thirteen greenhouse-grown varieties of *Capsicum annuum* and *C. chinense* produced more carotenoids than field-grown plants, reflecting the 20% higher light intensity in the field compared to the greenhouse[@b38]. Cultivar-specific responses were measured among red pepper cultivars but the majority produced more carotenoids in the greenhouse than the field[@b39]. The carotenoid content of three other *C. annuum* cultivars has also been shown to decline by up to three-fold in the field compared to the greenhouse[@b40]. Light intensity can vary substantially in a field or in a greenhouse, thus possibly affecting carotenogenic gene expression and/or carotenoid production. Corn is cultivated in fields during summer, when the light intensity can reach extreme values. In our region, the temperature can reach 40 °C in August, which is when Carolight® reaches its reproductive stage, whereas the temperature of the greenhouse did not exceed 28 °C. This may explain the relatively low levels of carotenoid production in the Carolight® plants growing in the field compared to the greenhouse during the first period of endosperm development, whereas the lower field temperatures later in development allowed the field-grown plants to catch up with their greenhouse-dwelling counterparts.

When we analyzed the carotenoid profile, the proportions of the major carotenoids found in the endosperm varied during development between the plants in the greenhouse and field, although again these differences had disappeared by maturity and the profiles in mature kernels were similar regardless of where the plants were cultivated. The young endosperm tissue of field plants contained \~20% higher levels of β-branch carotenoids than greenhouse plants, but this reflected the specific accumulation of more zeaxanthin, β-cryptoxanthin and antheraxanthin and not β-carotene. Indeed, β-carotene was only \~3% more abundant in the greenhouse plants, consistent with the negative response of β-carotene to light intensity in tomato[@b36]. Higher temperatures and increased exposure to solar radiation were shown to reduce β-carotene accumulation in the fruits of the same tomato cultivar[@b41]. These data suggest that the high temperature and light intensity in the field during summer growth may negatively affect the β-carotene content of Carolight® corn. The proportion of ε-branch carotenoids remained constant in both environments during development (25--60 DAP) which suggests that differences in β-branch carotenoids are compensated by changes in the levels of phytoene, the precursor of downstream metabolites in the pathway. In both environments, the phytoene content increased over time, from young to mature endosperm, consistent with a gradual decline in the level of β-branch carotenoids. Phytoene gradual accumulation probably reflects a metabolic bottleneck at the level of *Pacrt*I (phytoene desaturase), which converts phytoene into lycopene. This finding is important because it suggests that the performance of *Pacrt*I might not be optimal, and this could be remedied in subsequent Carolight® products, particularly with the rapid development of genome editing technologies[@b42][@b43]. The transient differences in β-branch carotenoids described above are likely to reflect the abundance and/or activity of the enzymes acting downstream of phytoene and they also suggest an additional level of control of transgene expression by the environment. Carotenoid accumulation in seeds, fruits and flowers correlates with the abundance of transcripts representing key carotenogenic genes[@b1][@b44]. Therefore, quantitative real-time RT-PCR was used to determine whether the bottleneck could be explained by the low abundance of *Pacrt*I mRNA, and whether the transient differences in β-branch carotenoids also reflected differences at the mRNA level. In both environments and at all time points, *Pacrt*I mRNA accumulated in the endosperm at significantly lower levels (\~3-fold lower) than *Zmpsy1* mRNA. We also found that greenhouse plants accumulated twice as much *Zmpsy1* mRNA in the young endosperm (15 DAP) than field plants which partially explains the transient differences in carotenoid profiles we observed. This is consistent with the significant difference in the total carotenoid content of the endosperm of greenhouse and field plants at 25 DAP, suggesting that *Zmpsy1* mRNA accumulates at higher levels in the endosperm of greenhouse plants at \~15 DAP thus increasing the flux in the downstream carotenoid pathway. *Zmpsy1* mRNA levels then converged in the greenhouse and field plants between 20 and 30 DAP. Similarly, a correlation between *psy1* expression and total carotenoid levels was specifically observed at 20 DAP[@b45]. The differential expression of *Zmpsy1* mRNA alone while other endogenous or exogenous carotenogenic transcripts were expressed at consistent levels suggests that *Zmpsy1* mRNA and/or its promoter is peculiarly sensitive to the different environmental conditions in the greenhouse and field. These environments are characterized by differences in light quality and temperature, as well as biotic and abiotic stresses, and this could influence carotenogenic gene/transgene expression or carotenoid accumulation. Light regulates genes and gene products related to photosynthesis, including carotenoids[@b46]. The rice genes *Ospsy1* and *Ospsy2* contain *cis*-acting elements involved in light regulation[@b47] as are the three equivalent corn genes, *Zmpsy1-3*[@b48][@b49]. It is unclear whether the three *psy* genes in corn have overlapping functions in the modulation of carotenoid synthesis in different tissues and in response to developmental and/or stress signals. In corn leaves, carotenogenesis may require both phytochrome-dependent and phytochrome-independent photoregulation of *psy2* as well as non-photoregulation of *psy1*[@b45]. Non-photoregulated PSY1 is the main enzyme responsible for carotenoid synthesis in corn endosperm[@b50] whereas PSY3 mediates carotenoid synthesis in the roots induced by abiotic stress[@b49]. PSY1 is required for heat stress-induced carotenoid biosynthesis in corn to protect plastid membranes in photosynthetic tissues[@b51][@b52]. However, although there is a correlation between abiotic stress and *Zmpsy2* mRNA levels in the leaves and *Zmpsy3* mRNA levels in the roots, *Zmpsy1* mRNA levels do not appear to respond to abiotic stress at all. Importantly, these studies were performed under laboratory conditions and there are no studies thus far reporting the response of *Zmpsy1* to the combined stresses that may be encountered under field conditions. Interestingly, we controlled the *Zmpsy1* transgene using the wheat low-molecular-weight glutenin promoter, which is not known to be influenced by light or abiotic stress. Our study therefore provides the first evidence that environmental factors can influence either this promoter or the *Zmpsy1* gene.

Although we did not observe any major differences between greenhouse and field plants in the expression of most endogenous carotenogenic genes during endosperm development (15--30 DAP), *Zmlycb* mRNA was four times more abundant than *Zmlyce* mRNA in both environments, which is important because the corresponding enzymes compete to divert flux into the β-branch and ε-branch[@b53]. This expression profile could therefore explain the higher content of β-branch carotenoids (\~30%) at maturity compared to ε-branch carotenoids (\~10%) in both greenhouse and field plants. However, the differential expression of hydroxylase genes may also influence the carotenoid profile. Two classes of enzymes catalyze the hydroxylation of α and β ionone rings in higher plants: CYP97-type heme-containing cytochrome P450 hydroxylases[@b54][@b55] and ferredoxin-dependent β-carotene hydroxylase (BCH)-type non-heme di-iron hydroxylases[@b56][@b57][@b58]. BCH-type enzymes typically show limited activity towards the ε-ring of α-carotene but significant activity towards the β-ring, although *Zmbch1* also promotes the accumulation of α-carotene[@b59]. CYP97A appears to be responsible for catalyzing the hydroxylation of the β-ring of α-carotene whereas CYP97C is mainly active against the ε-ring[@b55][@b60]. The enzyme PuCHY1, a CYP97B produced by the red alga *Porphyra umbilicalis*, is also responsible for β-ring hydroxylation[@b61]. We found that *Zmbch2* mRNA accumulated to levels 100-fold greater than *Zmbch1* mRNA and that *Zmcyp97a* and *Zmcyp97b* were expressed at levels at least 10-fold higher than *Zmcyp97c* in the endosperm of both the greenhouse and field plants. The higher content of β-branch carotenoids in the Carolight® endosperm in both environments can therefore be explained by these specific gene expression profiles.

In conclusion, we have shown that the high-carotenoid transgenic corn line Carolight® does not behave in a significantly different manner, in terms of phenology and agronomic performance, to its wild-type counterpart. Importantly, we tested for differences under diverse environmental conditions to confirm that the engineered variety is likely to perform well in a range of environments relevant to commercial deployment. To our knowledge, this is the first time that a transgenic variety with a second-generation output trait has been characterized in such a comprehensive manner although such comparisons are highly recommended during the development of novel crops to avoid disappointing field performance and late-stage product development failure. Minor differences in parameters such as endosperm carotenoid composition and LAI were measured in the early stages of development, but they did not affect the grain yield or any other growth/development phenotypes. Importantly we provide a molecular basis for this behavior which might help the development of improved versions not only of Carolight® but also other second-generation and third-generation crops. Carolight® also behaves in a similar manner in a controlled environment and under field conditions, which is an essential requirement to support further product development given that early studies are restricted to the greenhouse under the current regulatory framework and field studies are only permitted with permission from national competent bodies. The transient minor differences we observed appear to reflect differences in the expression of a single gene (*Zmpsy1*) thus showing that even relatively minor differences in the regulation of transgene expression can affect the behavior of engineered crop plants in a significant and environmental-dependent manner.
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![Chlorophyll content in the last fully expanded leaf during development under (**a**) N~0~ and (**b**) N~200~ treatments (values are means ± SD, n = 4) for wild-type M37W (wt, triangles) and and transgenic Carolight® corn (HC, circles). N~0~ = 0 kg ha^−1^ of N; N~200~ = 200 kg ha^−1^ of N.](srep38288-f1){#f1}

![(**a**) Photosynthetic rate averaged from V~8~ (eight fully expanded leaves) to R~6~ (maturity) and for N levels for the two genotypes (M37W and Carolight®). (**b**) Duration of photosynthesis (integral of area under the curve of photosynthetic rate vs time) from V~8~ to R~6~ for the two genotypes under N~0~ (0 kg ha^−1^ of N) and N~200~ (200 kg ha^−1^ of N) treatments. Data presented as means ± SD (n = 4).](srep38288-f2){#f2}

![Biomass accumulation at (**a**) V~8~ (eight fully expanded leaves), (**b**) R~1~ (silking) and (**c**) R~6~ (maturity) for the two genotypes (M37W and Carolight®). Values are means ± SD, n = 4. N~0~ = 0 kg ha^−1^ of N (urea); N~200~ = 200 kg ha^−1^ of N (urea).](srep38288-f3){#f3}

![(**a**) Grain yield, (**b**) grain number and (**c**) individual grain weight for the two genotypes (M37W and Carolight®). Values are means ± SD, n = 4. N~0~ = 0 kg ha^−1^ of N (urea); N~200~ = 200 kg ha^−1^ of N (urea).](srep38288-f4){#f4}

![Quantitative real-time RT-PCR analysis of endogenous carotenogenic genes and transgenes in Carolight® plants grown in the field (HC-F) or in the greenhouse (HC-GH). Data show relative mRNA levels in the immature endosperm of HC-F and HC-GH plants at four developmental stages (15, 20, 25 and 30 DAP) normalized against corn *actin* mRNA and presented as the mean of 10 biological replicates. (**a**) *Zmbch1*, β-carotene hydroxylase 1; (**b**) *Zmbch2*, β-carotene hydroxylase 2; (**c**) *Zmcrtiso,* carotene isomerase; (**d**) *Zmcyp97a*, carotene ε-hydroxylase; (**e**) *Zmcyp97b*; (**f**) *Zmcyp97c*; (**g**) *Zmlycb*, lycopene β-cyclase; (**h**) *Zmlyce*, lycopene ε-cyclase; (**i**) *Zmpds*, phytoene desaturase; (**j**) *Zmzds*, ζ-carotene desaturase; (**k**) *Pacrti*, phytoene desaturase; (**l**) *Zmpsy1,* phytoene synthase*. Zm, Zea mays; Pa, Pantoea ananatis.*](srep38288-f5){#f5}

![Carotenoid content and composition in the endosperm of Carolight® plants grown in the field (HC-F) or in the greenhouse (HC-GH). Individual carotenoids (%) in the 25, 40 and 60 DAP endosperm of (**a**) HC-F plants and (**b**) HC-GH plants. (**c**) Distribution of β and ε branch carotenoids in HC-F and HC-GH endosperm at 25, 40 and 60 DAP. (**d**) Total carotenoid content of HC-F and HC-GH endosperm at 25, 40 and 60 DAP.](srep38288-f6){#f6}

  Stage of development    N treatment    Genotype         LAI       SLA (cm^2^ g^−1^)   SLN (mg N cm^−2^)
  ---------------------- ------------- ------------- ------------- ------------------- -------------------
  V~8~                       N~0~          M37W        1.5 ± 0.1       208.3 ± 7.4          2.2 ± 0.4
  Carolight®               2.4 ± 0.3    216.9 ± 7.1    2.5 ± 0.6                       
  N~200~                     M37W        2.7 ± 0.3    201.6 ± 3.2       4.2 ± 0.4      
  Carolight®               2.5 ± 0.1    201.5 ± 6.9    3.7 ± 0.7                       
  R~1~                       N~0~          M37W        4.5 ± 0.2       160.4 ± 9.4          2.2 ± 0.1
  Carolight®               4.6 ± 0.4    151.7 ± 8.5    2.8 ± 0.4                       
  N~200~                     M37W        4.6 ± 0.3    148.8 ± 7.4       3.2 ± 0.3      
  Carolight®               5.6 ± 1.2    157.1 ± 3.1    2.3 ± 0.4                       

Leaf traits of wild-type M37W and transgenic Carolight® corn grown in the field (values are means ± SD, n = 4) with no fertilizer (N~0~) or fertilized with 200 kg ha^−1^ of N (N~200~) at V~8~ (eight fully expanded leaves) and R~1~ (silking). LAI = leaf area index, SLA = specific leaf area, and SLN = specific leaf nitrogen.

  N treatment    Genotypes      NHI (%)     NUtE (g~grain~ g~N~^−1^)   N Uptake (g~N~ m^−2^)
  ------------- ------------ ------------- -------------------------- -----------------------
  N~0~              M37W      54.6 ± 1.1           29.0 ± 0.9               12.7 ± 1.0
  Carolight®     56.0 ± 5.1   29.7 ± 2.7          12.7 ± 2.21         
  N~200~            M37W      38.7. ± 3.1          20.4 ± 0.9               16.4 ± 0.87
  Carolight®     45.1 ± 8.7   24.3 ± 4.8           17.3 ± 1.0         

Nitrogen harvest index (NHI), nitrogen utilization efficiency (NUtE) and total nitrogen uptake at maturity for wild-type M37W and transgenic Carolight® corn under two N treatments (values are means ± SD, n = 4). N~0~ = 0 kg ha^−1^ of N (urea); N~200~ = 200 kg ha^−1^ of N (urea).
